Murine epidermal Langerhans cells (LC) have been demonstrated to stimulate a vigorous T cell response to Leishmania major, a cause of human cutaneous leishmaniasis. It was therefore of interest to analyze whether LC can take up viable parasites. Epidermal cells were obtained from mouse ear skin for incubation with L. major and subsequent detection of intracellular parasites by cytochemistry. Freshly isolated LC, but not cultured LC, phagocytosed L. major and the uptake was inhibited by antibodies to the complement receptor type 3. Electron microscopic studies revealed the presence of viable amastigotes within Le. Moreover, with double-Iabeling techniques, L. major-containing LC could also be detected in infected skin. The results demonstrate that LC can internalize L. major. Since the number of organisms per infected LC remained consistently low, the prime task of LC may not be the promotion of parasite spreading but the presentation of L. major antigen to T cells and, thus, the regulation of the cellular immunity during cutaneous leishmaniasis.
Murine epidermal Langerhans cells (LC) have been demonstrated to stimulate a vigorous T cell response to Leishmania major, a cause of human cutaneous leishmaniasis. It was therefore of interest to analyze whether LC can take up viable parasites. Epidermal cells were obtained from mouse ear skin for incubation with L. major and subsequent detection of intracellular parasites by cytochemistry. Freshly isolated LC, but not cultured LC, phagocytosed L. major and the uptake was inhibited by antibodies to the complement receptor type 3. Electron microscopic studies revealed the presence of viable amastigotes within Le. Moreover, with double-Iabeling techniques, L. major-containing LC could also be detected in infected skin. The results demonstrate that LC can internalize L. major. Since the number of organisms per infected LC remained consistently low, the prime task of LC may not be the promotion of parasite spreading but the presentation of L. major antigen to T cells and, thus, the regulation of the cellular immunity during cutaneous leishmaniasis.
Human leishmaniasis comprises a group of infections of the skin, viscera, and mucous membranes caused by protozoa of the genus Leishmania. Each form of the disease is initiated by introduction of promastigotes into the skin during a blood meal of an infected phlebotomine sandfly. The promastigotes invade mononuclear phagocytes of the host where they transform into amastigotes and replicate. Depending on the genetic background of the host and on the species of parasite, the infection may be restricted to the primary cutaneous lesion, it may involve metastasis of organisms to mucosal sites, or it may localize to the viscera and result in widespread parasitization of cells of the reticuloendothelial system [I] .
Invasion of host cells is mediated by attachment of parasites to a variety of cell-surface receptors, including the receptor for complement component C3bi, CR3 [2, 3] , and the mannose-fucose receptor [4] on macrophages. This receptorligand interaction is followed by endocytosis of the organisms. In addition to dermal macrophages, however, epidermal Langerhans cells (LC) qualify as host cells for Leishmania amastigotes. LC have been reported to express CR3 [5, 6] , and their microanatomic location favors the encounter with parasites soon after inoculation of the latter into the skin. It is therefore of interest to analyze their capac-ity to take up Leishmania parasites. This is an intriguing possibility because LC express high levels of major histocompatibility complex (MHC) class 11 molecules and are potent antigen-presenting cells [6] [7] [8] . Thus, they may be involved in induction and regulation of the T cell immune response in lesional skin. In the present study. we used Leishmania major parasites, a cause of human cutaneous leishmaniasis, to analyze their interaction with murine epidermal cells.
Materials and Methods
Mice. Female inbred BALB/c mice were 6-10 weeks old at the onset of experiments. All mice were purchased from Charles River Breeding Laboratories (Sulzfeld, Germany) and, during experimentation, were maintained under conventional conditions in an isolation facility.
Parasites and injection of mice. The origin and propagation of the L. major isolate have been described elsewhere [9] . The cloned virulent line used for this study was confirmed to be L. major by isoenzyme analysis (D. Evans, London School ofHygiene and Tropical Medicine) and was maintained by passage in BALB/c mice. Promastigotes were grown in vitro in blood agar cultures. Stationary-phase promastigotes were washed in PBS; for infection of mice, 2 X 10 7 organisms were injected in a ·vol-ume of 50 ~L intradermally on the dorsum.
Amastigote suspensions were prepared from skin lesions 2-3 weeks later as described [IO] . Briefly, infected tissue was disrupted and homogenized by passage through a stainless steel mesh into culture medium. Amastigotes were released from host cells by two vigorous passages of the cell suspension through a 27-gauge needle, and cell debris was removed by two steps of centrifugation at 120 g (10 min) before recovery ofamastigotes by centrifugation at 1800 g (10 min) and collection of the pellet.
Culture medium. Click's RPM I 1640 medium (GIBCO Laboratories, Eggenstein, Germany) was supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine, 10 mM HEPES Preparation of macro phages and epidermal cells. For the preparation of peritoneal macrophages, thioglycolate-elicited peritoneal exudate cells were washed, resuspended in culture medium, and allowed to adhere for 4 h at 37°C, 5% CO 2 , and 95% air humidity. Nonadherent cells were removed by extensive washing with culture medium . Single-cell suspensions of epidermal cells were prepared from mouse ear skin by trypsinization procedures as described [17] . A concentration of I % trypsin (40 min) was used for processing the ventral, thick ear halves, and 0.6% trypsin (20 min) for the dorsal , thin ear hal ves. These preparations contained 3%-5% MHC class II-bearing LC and were absolutely devoid of macrophages [17] , as documented by the lack of staining with MAb F4/80 after 24 h of culture.
infection of cell suspensions. Peritoneal macrophages or epidermal cells (3 X 10 6 ) were incubated with L. major amastigotes at a ratio of 2 parasites per cell in 2 mL. The cultures were harvested after 1-7 days. For depletion of extracellular parasites, the cultures of parasites and adherent macrophages were washed before collection of the cells, and the suspensions of epidermal cells and parasites were incubated with WIC79.3 MAb for 45 min on ice, followed by removal of MAb-coated parasites with goat anti-mouse IgG coupled to magnetic beads (Dynabeads M-450; Dynal , Hamburg, Germany) using a magnet. Interaction of LC with L. major was examined in the absence or presence of anti-Mac-I MAb (0 .2 mg/mL) or mannan (I mg/mL; Sigma, Deisenhofen, Germany). The presence of intracellular amastigotes was assessed by staining with acridine orange and ethidium bromide or by a combination ofimmunocytochemical staining and FITC labeling using specific antibodies (see below).
Staining with acridine orange and ethidium bromide. Viable intracellular parasites were detected by a modification of the method of Ch ann on et al. [18] . Macrophages or epidermal cells were incubated with a mixture of acridine orange (5 ILg/mL) and ethidium bromide (50 ILg/mL) for 10 min at room temperature (R T). After being washed with PBS, the cells were fixed with paraformaldehyde (I %, 15 min) and were analyzed by fluorescence microscopy.
immunocytochemical and immunofluorescence staining. Epidermal cells at a concentration of 106/m L were mounted onto adhesion slides (Bio-Rad, Munich) according to the manufacturer's instructions and air-dried. Nonspecific binding was blocked by incubating the slides in a solution containing 5% skim milk powder and O. 1% Tween 20 in PBS, pH 7 .4 (Blotto), supplemented with 20% FCS.
For immunoenzymatic staining, a three-step avidin-biotinperoxidase method was used as previously described [19] . Briefly, the cells were overlaid with first-step antibodies (rat anti-CR3 MAb or polyclonal rabbit anti-L. major antibodies) in PBS containing 5% bovine serum albumin (10-14 h at 4°C), followed by biotin-conjugated anti-rat or anti-rabbit immunoglobulin (I h, RT). The slides were rinsed between each incubation step with Blotto and, in the final washing step, with PBS containing 0.1 % Tween 20. Subsequently, the cells were incubated with preformed streptavidin-biotin-peroxidase complex (Dako). After cells were thoroughly washed with PBS/Tween 20, labeling was visualized with the substrate 3-amino-9-ethylcarbazole (AEC; Sigma). The AEC solution contained 0.2 mg/ mL AEC previously dissolved in N.N-dimethylformamide (final concentration, 5%) and 0.015% H 2 0 2 in acetate buffer (50 mM, pH 5).
For double labeling, the treatment was extended by incubating the slides in Blotto containing 20% rabbit serum , to block free binding sites of the second-stage antibodies of the immunoenzymatic staining, and by consecutively exposing the cells to rat anti-la and FITC-conjugated anti-rat antibodies. For control purposes, the first-step MAbs were either omitted or replaced by an irrelevant isotype-matched reagent. These stainings consistently yielded negative results.
Double labeling of skin sections by a combination of gold-silver immunostaining and immunoenzymatic labeling.
For immunohistologic analysis of L. major-infected skin, tissue samples were snap-frozen in optimal cutting temperature (OCT) compound (Miles, Naperville, IL). Cryostat sections (4 ILm) were thawed onto HCl-rinsed slides, air-dried, and fixed in acetone (-20°C, 10 min). OCT compound was washed from slides with Blotto, and nonspecific binding sites were blocked by incubation in Blotto containing 20% FCS (30 min, RT). Tissue sections were labeled as previously described [19] . The following sequence of treatments was used: rabbit anti-L. major antibodies (overnight, 4°C); gold-conjugated anti-rabbit immunoglobulin (I h, RT); blocking with Blotto containing 20% rabbit serum (30 min, RT); MAb NLDC-145 for the second labeling (2 h, RT); biotinylated mouse anti-rat immunoglobulin (I h, RT); streptavidin-biotin-alkaline phosphatase complex (I h, RT); Fast Blue solution containing 0.2 mg/mL naphtol AS-MX phosphate (Sigma), I mM levamisole, and I mg/mL Fast Blue BB salt (Serva, Heidelberg, Germany) in TRIS buffer (0.1 M , pH 8.2) (5-20 min); gold conjugate-silver enhancement mixture (Amersham, Braunschweig, Germany; 9-14 min).
Counterstaining of sections and microscopic analysis. The skin sections were counterstained with hematoxylin or nuclear fast red and mounted (Aquatex; Merck, Darmstadt, Germany). lID 1993: 167 (February) For evaluation, a microscope equipped for polarized incident light (epipolarization) and interference-contrast microscopy was used (Axiophot; Zeiss, Oberkochen , Germany).
Electron microscopy. Epidermal cells were fixed in 2% glutaraldehyde for I h (R T), washed twice in PBS and then in O. I M cacodylate buffer, and postfixed in a 4% aqueous solution of osmium tetroxide (I h, R T). Then the cells were dehydrated in a graded series of ethanols and embedded in Epon 812. Thin sections of the specimen were stained with uranyl acetate and lead citrate for examination by transmission electron microscopy.
Results
Epidermal Le can be infected by L. major. Freshly isolated epidermal cells were incubated with L. major amastigotes for 24 h. Then extracellular parasites were removed, and the presence of viable intracellular parasites was assessed by staining the cell suspension with acridine orange and ethidium bromide. It was evident that some epidermal cells were infected with L. major amastigotes, and their dendritic shape, as visualized by interference-contrast microscopy, suggested that they were LC (figure I). Peritoneal macrophages treated in a comparable manner were used as positive control (data not shown). It should be noted that epidermal cells, in contrast to macrophages, contained intracellular organisms only after incubation with amastigotes but not with promastigotes of L. major (data not shown).
In the normal epidermis, LC are the only cells expressing MHC class II (la) antigen. Therefore, we used this marker for unambiguous identification of the parasite-containing epidermal cells. Double labeling showed that la+ epidermal cells detected by fluorescence staining, but not la-cells, contained L. major antigen as visualized by immunoenzymatic labeling ( figure 2 ). This finding demonstrated that epidermal LC can be parasitized by L. major.
To exclude the possibility that the parasites had not been internalized by LC but were only attached to their surface membrane, we did ultrastructural studies. Epidermal cells containing intact L. major amastigotes were readily detectable and could be identified as LC because they displayed the typical Birbeck granules ( figure 3A, B) . The amastigotes were secluded within cytoplasmic vacuoles that were surrounded by a unit membrane and thus morphologically represented phagosomes. Occasionally 2 amastigotes were found within I phagosome, indicating mitosis of intracellular L. major or, alternatively, concurrent uptake of several parasites. However, the suggestion that amastigotes may replicate within LC was further supported by the demonstration of duplicated kinetoplasts ( figure 3C ) and flagella ( figure  3D ). Duplication of these organelles is known to represent the initial event of the parasite's mitosis.
Only freshly isolated LC were able to internalize L. major organisms. When LC were cultured for 9 h before addition of parasites, the rate of infection was reduced by >90%. After overnight preincubation of LC (12-16 h) , no parasite uptake could be detected (data not shown).
Rate of infection and parasite load of epidermal LC By using acridine orange and ethidium bromide staining of epidermal cells treated with L. major, it was possible to quantitate the proportion of infected LC and the number of parasites per cell. Considering that only freshly isolated LC could take up parasites, it was not surprising that the maximal rate of LC infection was already observed after 24 h of culture with parasites (table I); 20.4% ± 4.8% of LC contained 1-3 parasites (mean, 1.43 ± 0.02). Thereafter, the percentage of L. major-infected LC gradually decreased (table I) , whereas the total number of LC remained constant (data not shown). Most interestingly, there was no evidence for significant intracellular replication ofamastigotes in LC because the number of organisms per infected cell did not increase between days I and 6 of culture (table I) . The maximal level ofinfection could not be increased by adding a higher number of parasites to the epidermal cell cultures (data not shown).
Ingestion of L. major by epidermal Le is mediated by
eR3. The macrophage plasma membrane receptor for C3bi, CR3, has been ident!fied as an important site for binding and internalization of L. major. Expression of CR3 has also been demonstrated for human LC [5] and LC in preparations of murine epidermal sheets [6] , and we confirmed this for LC in the single epidermal cell suspensions used for the present study ( figure 4) . Therefore, we examined the role of CR3 for the uptake of L. major by LC After culture of epidermal cells and parasites in the presence ofanti-CR3 (antiMac-I) MAb, the proportion of infected LC was dramatically reduced, whereas the unrelated MAb NLDC-145 had no effect (figure 5). It is unlikely, therefore. that the inhibition caused by anti-Mac-l MAb was simply due to steric hindrance. On the other hand, the presence ofmannan as an inhibitor of man nose-fucose receptor-mediated binding did not cause a reduction in parasite uptake by LC and did not enhance the inhibition observed with anti-CR3 MAb ( figure  5 ). These data provide strong evidence that the CR3 on LC mediates a ttachment and internalization of L. major.
Le expressing L. major antigen can be identified in infecled
skin. Having demonstrated that epidermal LC can be in- fected with L. major in vitro. we next examined whether parasitized lC are detectable in situ within the lesions of intradermally infected mice. Immunohistologic staining of skin sections with MAb NlDC-145 revealed significant numbers oflC in the epidermis adjacent to the lesion, a distribution pattern resembling that in normal skin (not shown). In the epidermis overlying the parasite-containing dermal infiltrate. however, lC were virtually absent. On the other hand. distinct clusters of NlDC -145+ cells could be detected in this area of the dermis ( figure 6A ). These cells constituted < I % of the nonlymphoid mononuclear cells in the infiltrate. Double labeling demonstrated that some of the NlDC-145+ lC in the dermis expressed L. major antigen ( figure 6B, C) , and the dense accumulations of parasite antigen strongly suggested the presence of intact organisms. This supposition was confirmed by the finding that intradermal infection of mice with promastigotes and with amastigotes yielded the Graph shows % inhibition of parasite ingestion from three independent experiments (means + SO).
same pattern of antigen expression, whereas treatment with lysed parasites resulted in evenly distributed surface staining of lC (data not shown). No lC of the epidermis were ever seen parasitized with L. major.
Discussion
In the mammalian skin, two cell populations have been identified that qualify as a sanctuary for Leishmania parasites: dermal macrophages and epidermal le. Whereas the critical role of macro phages has been documented comprehensively (reviewed in [20, 21 D, the function of lC in leishmaniasis has remained largely unknown. The present study provides the first direct evidence that lC can be infected with L. major. both in vitro and in vivo, and suggests that these cells contribute to the induction and the expression of cell-mediated immunity during cutaneous leishmaniasis.
Although the endocytic potential oflC is far less than that of macrophages, they are capable of phagocytosis [22, 23] . Our observation that lC internalize intact L. major amastigotes shows that they can even take up organisms of considerable size (2) (3) (4) (5) . Endocytosis of L. major parasites was inhibited by anti-CR3 MAb, strongly suggesting that the CR3, which is known to be important for the uptake of Leishmania organisms by macrophages [2, 3] , also mediates binding and ingestion of L. major by le. On the other hand, infection oflC could not be blocked by a soluble inhibitor of the man nose-fucose receptor, another macrophage receptor that contributes to phagocytosis of Leishmania parasites [2] . This is in line with a report that dendritic cells lack man nosefucose receptors [24] . Our findings thus indicate that in contrast to the uptake of Leishmania organisms by macrophages, which requires the combined action of eR3 and the mannose-fucose receptor [2] , the ingestion by LC is mediated primarily by CR3.
The maximal level of infection observed in culture was 25% of total Le, and most infected LC had ingested only I parasite. This supports the idea that endocytosis of L. major by LC is not primarily aimed at antigen scavenging, the characteristic of macro phages, but at processing and presentation of parasite antigen to T cells. Such a concept is in congruence with our recent documentation that epidermal LC are highly active in presenting L. major antigen in vitro to parasite-specific T cells [25] . The efficiency of LC in inducing T cell proliferation and Iymphokine production was much greater than that of macrophages, suggesting that LC are important antigen-presenting cells in cutaneous leishmantaSls.
The present finding that only freshly isolated LC could be infected with L. major corresponds with our previous observation that only fresh Le, not cultured LC, can present L. major antigen to T cells. This is reminiscent of earlier reports showing that Le, when freshly explanted from epidermis, can process native antigen for generation of MHC class IIpeptide complexes and presentation to primed T cells [8, 26] . After a period in culture, LC lose the ability to present exogenous protein but are the most active antigen-presenting cells for stimuli that do not require processing [8, [27] [28] [29] . Recent evidence suggests a causal relationship between the ability to process antigen and the presence of numerous acidic organelles such as endosomes in freshly isolated LC [30] . Furthermore, the synthesis of MHC class II molecules is high in fresh LC but switched off in cultured LC [26, 31 , 32] .
The phenotypic and functional properties of cultured LC closely resemble those of dendritic cells in lymphoid tissues. It has therefore been suggested that freshly isolated LC reflect the functional repertoire of LC normally found within the epidermis, whereas cultured LC acquire a functional program equivalent to that of LC that have migrated from the skin to the draining lymph node [33, 34] . Such a translocation ofLC in vivo provides an efficient means of transporting antigen encountered in the skin to the T cell-dependent areas of lymph nodes [35, 36] .
In the course of cutaneous infection with L. major, we noticed a significant decrease of the number of LC in the epidermis overlying the lesion . These changes could already be observed at 48 h after infection (unpublished data); at later stages of chronic inflammation, the epidermis became almost devoid of Le. The loss of LC in the epidermal compartment was concomitant with the appearance of NLDC-145+ cells in the dermis, some of which contained L. major. These findings indicate that in cutaneous leishmaniasis, LC migrate out of the epidermis to the site of infection in the dermis and that migratory LC in the dermal infiltrate have the capacity to take up parasites. In this context, we also have experimental evidence for further migration of L. major-ex-pressing LC to the draining lymph node and for the ability of those LC to present parasite antigen to T cells (unpublished data).
The ultrastructural studies suggested occasional intracellular mitosis of amastigotes in the early phase after invasion of Le. Over the subsequent days, however, no further reduplication could be seen, and by I week of culture, the infection had been resolved. The capacity of cultured LC to restrain parasite replication may be related to the concomitant functional differentiation discussed above.
The interaction ofLC with microorganisms has been infrequently investigated. Parasitization of LC has so far been reported only for skin biopsies of patients with leprosy [37] and with granulomatous syphilis [38] . Our findings also extend those of Locksley et al. [39] , who reported that isolated LC cannot be infected with the promastigote stage of L. major. In the present study, parasitization of isolated LC could be detected only after incubation with amastigotes. However, because it is well known that in vitro cu ltured promastigotes are usually less infective than amastigotes or promastigotes inoculated by the insect vector [40, 41] , this finding does not necessarily reflect the in vivo situation after deposition of promastigotes by a sandfly. Alternatively, the invasion of LC in situ may be launched by amastigotes that had been released from previously infected macrophages in the skin. Although at present we cannot distinguish between the two possibilities, our results demonstrate that parasitization of LC does occur in vivo after cutaneous infection with promastigotes.
In conclusion, our data support the concept that on inoculation of L. major parasites into the skin, viable organisms are ingested not only by macrophages but also by Le. Because L. major-infected LC constitute a small proportion of parasitized cells in the lesional infiltrate and contain a low number of amastigotes, it seems unlikely that LC account for the massive expansion of parasites usually observed in the infected skin. We propose that the primary function of L. major-containing Le. which have been documented to be highly potent accessory cells [25] , is the presentation of L. major antigen to T cells. They may express this activity after migration to the draining lymph node and initiate the L. major-specific T cell response by stimulating quiescent T cells. Moreover, they may be crucial for regulation of the local immune response by presenting parasite antigen to T effector cells infiltrating the cutaneous lesion.
